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Interleukin-12 (IL-12), produced by dendritic cells in
response to activation, is central to pathogen eradi-
cation and tumor rejection. The trafficking pathways
controlling spatial distribution and intracellular
transport of IL-12 vesicles to the cell surface are still
unknown. Here, we show that intracellular IL-12
localizes in late endocytic vesicles marked by the
SNARE VAMP7. Dendritic cells (DCs) from VAMP7-
deficient mice are partially impaired in the multi-
directional release of IL-12. Upon encounter with
antigen-specific T cells, IL-12-containing vesicles
rapidly redistribute at the immune synapse and
release IL-12 in a process entirely dependent on
VAMP7 expression. Consistently, acquisition of
effector functions is reduced in T cells stimulated
by VAMP7-null DCs. These results provide insights
into IL-12 intracellular trafficking pathways and
show that VAMP7-mediated release of IL-12 at the
immune synapse is a mechanism to transmit innate
signals to T cells.
INTRODUCTION
The density of major histocompatibility complex (MHC)-peptide
complexes (signal 1) and co-stimulatory molecules (signal 2)
expressed on the surface of dendritic cells (DCs) is the main
determinant of T cell activation during priming of adaptive immu-
nity. Additional signals from pro-inflammatory cytokines (signal
3) secreted by DCs upon pathogen recognition have a profound
impact in programming T cell fate by regulating early events
of T cell receptor (TCR) signal transduction and by stabilizing2624 Cell Reports 14, 2624–2636, March 22, 2016 ª2016 The Authorgene expression in activated cells (Joffre et al., 2009). Inter-
leukin-12 (IL-12), produced primarily by CD8a+ DCs, is a key
proinflammatory cytokine for CD4+ Th1 differentiation and
effector and memory CD8+ T cell function (Curtsinger and
Mescher, 2010; Moser and Murphy, 2000; Mashayekhi et al.,
2011). Cytokine production is mostly regulated at the transcrip-
tional level (Weinmann et al., 2001). In addition, it recently
emerged that cytokine release is timely and spatially controlled
by protein trafficking complexes (Herda et al., 2012; Stow
et al., 2006). Vesicles of newly synthetized IL-12 in DCs become
redistributed along microtubules and gather at the site of inter-
action with T or natural killer (NK) cells, the so-called immune
synapse (IS) (Borg et al., 2004; Pulecio et al., 2010). Yet, the
molecular machinery that controls transport of IL-12 from the
site of production to the plasma membrane (PM) for multifocal
or polarized release at the IS has not been unveiled.
The soluble N-ethylmaleimide-sensitive factor accessory
protein receptor (SNARE) family of proteins constitutes the
core machinery orchestrating intracellular membrane fusion
events. Secretion of pre-stored granules in granulocytes and
cytotoxic T cells depends on late endosomal SNAREs such as
VAMP7, VAMP8, and VAMP2 (Mollinedo et al., 2006; Tiwari
et al., 2008; Dressel et al., 2010; Krzewski et al., 2011; Matti
et al., 2013). Release of soluble cytokines by immune cells is
by far less understood. The present evidence indicates a role
for VAMP3 and recycling endosomes in the release of tumor
necrosis factor a (TNF-a) and IL-6 in macrophages and for inter-
feron g (IFN-g) secretion in NK cells (Manderson et al., 2007;
Reefman et al., 2010). An alternative secretory mechanism via
early rather than recycling endosomes has recently been pro-
posed for the secretion of IFN-g by T cells (Herda et al., 2012).
Here, we show that intracellular IL-12 is contained in late
endocytic compartments that stain positive for the SNARE
VAMP7 and are recruited at the site of interaction with antigen
specific T cells. Loss of VAMP7 partially inhibited the general,s
multidirectional secretion of IL-12. Most importantly, VAMP7
deletion in DCs resulted in complete abrogation of the secretory
peak that follows synapse formation and compromised differen-
tiation of T cells into IFN-g-producing cells. This represents an
unusual pathway of cytokines trafficking via late endocytic com-
partments and unveils the mechanism used by DCs to transmit
soluble signal 3 to T cells during initiation of adaptive immunity.
RESULTS
Subcellular Distribution of SNAREs in DCs
IL-12 is a heterodimeric cytokine composed of two subunits, p40
and p35, that dimerize to form biologically active IL-12/p70
(Carra et al., 2000). Stimulation of DCs with the TLR9 agonist
CpG-B and, to a lesser extent, with the TLR4 agonist lipopoly-
saccharide (LPS) induces strong transcription of IL-12/p40 and
a 10- to 15-fold increase in transcription of the p35 subunits
within a few hours (Figure S1A). Protein secretion reflects gene
expression, with a high secretory rate within 3 to 6 hr postinduc-
tion (Figure S1B).
To identify themachinery involved in IL-12 release, we focused
on three SNAREs that classically mark different steps along the
endocytic pathway. STX6 is a Q-SNARE involved in trans-Golgi
network (TGN) to endosome trafficking; VAMP3 is a marker of
early and recycling endosomes (Bajno et al., 2000; Manderson
et al., 2007), and VAMP7 marks late endosomes and controls
fusion of Golgi and late-endosomal compartments with the cell
surface (Burgo et al., 2012; Danglot et al., 2012; Martinez-Arca
et al., 2000; Ward et al., 2000). Their subcellular distribution in
DCs was consistent with their localization in other cellular
models (Figure 1A). STX6 was highly enriched in the Golgi and
in cytoplasmic EEA-1+ structures, poorly associated with recy-
cling endosomes (Rab11), and excluded from late endosomes
(CD63). VAMP3 was found in the Golgi and in peripheral vesicles
that express EEA-1 and Rab11, but not in CD63-expressing ves-
icles. The vesicular SNARE VAMP7 showed a strong overlap
with peripheral organelles stained with anti-CD63 and only little
overlap with EEA-1 and Rab11 (Figure 1A). DC stimulation by
bacterial agonist induced an increase in SNARE gene transcrip-
tion and protein levels (Figures 1B and 1C). Thus, innate signals
boost production of trafficking proteins concomitantly to the
maximal peak of cytokine secretion.
Localization of Intracellular IL-12 in Endocytic
Organelles
We next used different approaches and markers to investigate
the intracellular distribution of IL-12 in DCs. Cells were stimu-
lated with CpG-B for 3.5 hr, a time point at which the secretory
rate is maximal and intracellular IL-12 (p40 subunit) is clearly
detected by antibody staining. All SNAREs colocalized with
IL-12 in the Golgi area, reflecting accumulation of newly synthe-
sized protein (Figure 2A). In peripheral post-Golgi compart-
ments, IL-12 p40 was associated with VAMP7 and only partially
with VAMP3. Instead, it was almost entirely excluded fromSTX6-
positive structures (Figure 2A). To detect bioactive IL-12/p70, for
which no antibodies for immune labeling are available, we over-
expressed a recombinant p35 protein fused to a small SV5 tag
or to GFP. Recombinant p35 was secreted as heterodimer withCellendogenous p40 and largely co-distributed with the p40 subunit
by immunostaining (Figures S2A–S2F). The p35 subunit dis-
played a consistent overlap with VAMP7 in the Golgi and in
peripheral vesicles, whereas colocalization with VAMP3 was
less pronounced (Figure 2B). VAMP7, p35, and p40 overlapped
in several central and peripheral structures, indicating that the
biologically active p70 heterodimer traffics via VAMP7 vesicles
(Figure S2G). Intracellular Il-12 vesicles merged to structures
positive for pHrodo-dextran, a conjugate that emits bright red
fluorescent upon internalization into acidic compartments (Fig-
ure 2C). Furthermore, p35 was found to be highly associated
with Rab7, a protein that selectively marks late endocytic vesi-
cles (Chavrier et al., 1990; Gotthardt et al., 2002) (Figure 2D).
We also found a consistent association of p35 with intracel-
lular MHC class-II-positive compartments (Figure 2D), a peculiar
class of tubular endosomes implicated in transport of MHC
class II molecules from lysosomes to the cell surface during
DCs maturation (Chow et al., 2002; Kleijmeer et al., 2001).
Intriguingly, this association suggests that IL-12 may share, at
least in part, its journey to the cell surface with vesicles carrying
the MHC-II molecules.
To investigate IL-12 compartments at the ultra-structural level,
we performed immunoelectron microscopy on cells expressing
p35-SV5. A large part of labeling was found associated with
Golgi stacks and in many nearby tubulovesicular membranes
representing the TGN. A fraction of the protein was contained
in vesicles and tubules associated with late-endosomes/lyso-
somes (arrowheads) (Figure 2E). These structures are morpho-
logically similar to the ones described for MHC class II molecules
in DCs (Barois et al., 2002).
Altogether, these results indicate that post-Golgi trafficking of
bioactive IL-12 in DCs utilizes late endocytic vesicles preferen-
tially marked by the SNARE VAMP7.
Loss of VAMP7 Inhibits IL-12 Secretion
To examine the function of VAMP7 during IL-12 release, we
analyzed secretion in DCs derived from VAMP7 knockout mice
(V7KO) (Danglot et al., 2010). Gene targeting resulted in com-
plete loss of VAMP7 in DCs (Figure S3A). The frequency of
CD11c+/MHC-IIhigh conventional DCs and the percentage of
CD8a+ DCs, the main IL-12 producers, were normal in V7KO
mice as compared to their wild-type (WT) littermates, indicating
that VAMP7 is dispensable for DC development (Figures S3B
and S3C). Secretion of the bioactive IL-12/p70 dimer was
modestly but consistently reduced in V7KO cells as compared
to controls, whereas IL-12/p40 secretion and IL-6 secretion
were mostly unaffected (Figure 3A). Importantly, production of
IL-12/p70 was consistently reduced in primary DCs isolated
from the spleen of VAMP7-null mice (Figure 3B). In splenic
DCs, IL-6 secretion was slightly affected by loss of VAMP7.
Instead, the levels of TNF-a, a cytokine whose secretion de-
pends on recycling endosomes and VAMP3 (Murray et al.,
2005a), were not affected by VAMP7 deletion, indicating that
different membrane trafficking routes are involved in the
secretion of different cytokines. Phosphorylation of IKKa and b,
ERK, and p38, was similar in WT and V7KO DCs, ruling out
that decreased IL-12/p70 may depend on reduced TLR9
signaling (Figure S4A). Moreover, expression of maturationReports 14, 2624–2636, March 22, 2016 ª2016 The Authors 2625
Figure 1. SNARE Localization in DCs
(A) SNARE distribution in DCs. Cells were co-stained with antibodies against endogenous VAMP7, VAMP3, and STX6 (green) and antibodies to Rab6, EEA-1,
Rab11, and CD63 (red). GFP-VAMP3 was overexpressed to assess colocalization with Rab6 and Rab11. Images are representative 3D reconstructions of
confocal z planes. Dashed lines define the cell boundaries. Insets are magnifications of the regions indicated by dashed lines. All scale bars in micrographs
correspond to 5 mm.
(B) Fold increase of VAMP7, VAMP3, and STX6 mRNA expression in CpG-B-stimulated DCs. RT-PCR data were normalized to the housekeeping gene GAPDH.
Bars show the mean ± SEM of three independent experiments. *p < 0.05 and **p < 0,01, Student’s t test.
(C) Levels of SNARE proteins in resting (n.s.) and CpG-B-stimulated BM-DCs at different time points poststimulation. GAPDH was used as loading control.markers (MHC-II and costimulatory molecules) and induction of
cytokine gene transcription were comparable in the two geno-
types (Figures S4B–S4D). To exclude cell-extrinsic contribu-
tions in DCs derived from V7KO mice, we knocked down
VAMP7 expression in WT DCs (Figures S5A–S5D). The level of
secreted IL-12/p70 was partially but reproducibly inhibited in
DCs transfected with siVAMP7 as compared to control,
whereas IL-12/p40 secretion was not affected (Figure 3C). We
observed a certain degree of reduction in extracellular IL-6
too, suggesting that acute depletion of VAMP7 perturbs also
the secretion of this cytokine. Induction of cytokine-coding
mRNAs was unaffected by VAMP7 loss, ruling out an effect
on cytokine-genes induction (Figure S5E). In sum, we conclude2626 Cell Reports 14, 2624–2636, March 22, 2016 ª2016 The Authorthat loss of VAMP7 affects the general, multidirectional secre-
tion of newly synthetized bioactive IL-12/p70.
Recruitment of SNARE and IL-12 at the Synapse
Global reorganization of the DCs subcellular space during the
encounter with an antigen-specific T cell is important to promote
T cell activation (Bloom et al., 2008; Pulecio et al., 2010). How-
ever, the trafficking proteins implicated in directional transport
of vesicles to the DC immune synapse (DC-IS) have not been
identified. To investigate the distribution of SNAREs during
synapse formation, DCswere pulsed with ovalbumin (OVA) class
I peptide andmixed with OVA-MHC class-I-specific CD8+ T cells
(OT-I) for different periods. As a control, we tracked distributions
Figure 2. Bioactive IL-12 Localizes to Late Compartments Marked by VAMP7
(A) Representative medial confocal planes of DCs co-labeled with antibodies to p40 and to STX6, VAMP3, and VAMP7. Insets are magnifications of the
post-Golgi regions indicated by dotted lines. Bars are Manders coefficients of p40 and the different SNAREs calculated on the whole-cell cytoplasm (excluding
the Golgi region). Data are mean ± SEM. For each condition, at least 20 cells were analyzed in three independent experiments. *p < 0.05 and ***p < 0.001,
Mann-Whitney t test.
(B) Distribution of the p35 bioactive subunit of IL-12. DCs expressing p35 were co-labeled for VAMP3 or VAMP7, nucleus or cell membrane (WGA).
Representative confocal sections and co-localization channel for p35 and SNAREs are shown. Bars on the right show the Manders coefficient of p35 in
the cell periphery. Mean ± SEM are plotted. For each condition, at least 20 cells were analyzed in three independent experiments. ***p < 0.0001, Mann-
Whitney t test.
(C) Scheme of experimental design. DCswere loadedwith pHrodo dextran (red) and stimulated with CpG-B, followed by labeling with anti-p40 antibodies (green).
The inset highlights an intracellular structure where the two signals fully overlap.
(D) Localization of the p35 subunit with endosomal markers. WT DCs were transfected with p35-SV5 and labeled with anti-Rab7 and anti-SV5 antibodies. MHC-II
GFP knockin DCs expressing p35-SV5 were labeled with antibodies to SV5 and to GFP. Single representative planes for each channel and the corresponding
(legend continued on next page)
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Figure 3. VAMP7 Deficiency in DCs Leads to Reduced Secretion of IL-12/p70
(A) DCs derived from the bone marrow of WT or V7KO mice were stimulated for 3 hr with CpG-B. Cytokine concentration in cell culture supernatants was
quantified by ELISA.
(B) DCs were isolated from the spleen of WT or V7KOmice, stimulated for 6 hr with CpG-B and analyzed for cytokine secretion in cell culture supernatants. Each
dataset refers to one independent experiment. p values were determined by Wilcoxon matched pairs test; n.s., not significant.
(C) Cytokine secretion in DCs expressing control (CTRL) or VAMP7-specific siRNA. Control and VAMP7-depleted cells were stimulated with CpG-B for 5 hr. The
concentration of IL-12/p70, IL-12/p40, and IL-6 in cell culture supernatants was determined by ELISA. Each data point represents values from one independent
experiment. p values were determined by Wilcoxon matched pairs test; n.s., not significant.in antigen-nonspecific DC-T cell doublets. As early as 10 min af-
ter contact, the SNARE VAMP7 was found enriched at the DC-IS
in a large proportion (up to 50%) of antigen-specific conjugates
(as compared to a basal recruitment seen in 23% of nonspecific
conjugates) (Figures 4A left and middle, and 4B). The same
extent of polarization was maintained at later time points.
VAMP3 was recruited in a similar proportion of antigen-specific
conjugates, albeit with a slower kinetic. Polarization was similar
in DCs expressing GFP-tagged SNAREs, thus excluding con-
founding effects from SNARE labeling in T cells (Figure 4A, right).colocalization mask are shown. The Manders coefficient for p35 and the two end
micrographs correspond to 5 mM.
(E) Ultrathin cryosections of DC expressing p35-SV5 immunogold-labeled for SV5
lysosomes. The inset shows p35 labeling in the limiting membrane of a late endo
2628 Cell Reports 14, 2624–2636, March 22, 2016 ª2016 The AuthorTrafficking of cytokines to specific PM regions such as the
phagocytic cup in macrophages or the synapse in T cells is an
important SNARE-mediated mechanism to confine delivery of
soluble mediators (Huse et al., 2006; Murray et al., 2005a). Simi-
larly to what we have found for the p40 subunit of IL-12 (Pulecio
et al., 2010), p35 was polarized toward the synaptic interface in
50% of DC-T antigen-specific doublets (data not shown). To
identify the vesicles carrying IL-12 to the synaptic region, we
measured colocalization indexes along 3D reconstructed synap-
tic interfaces. Several areas of overlap between p35 and VAMP7osomal markers is shown on the right (n = 18 and 23, respectively). All bars in
. Solid arrowheads indicate labeling in tubules associated to late endosomes/
somes.
s
Figure 4. IL-12 Is Recruited at the Synapse in Late Endocytic Vesicles
(A) TLR-stimulated DCswere loaded (Ag) or not (no Ag) with OVA class-I peptide andmixed toOVA-specific CD8+ T cells. Cells were fixed after 30min and labeled
with antibodies against endogenous VAMP7 and VAMP3.
(B) Kinetic of SNARE polarization. DC-T cell interaction was stopped by fixation at the indicated time points. Control (CTRL) refers to no antigen-conjugates
stopped after 30 min. Bars show the percentage ± SEM of DCs with polarized SNARE. At least 30 conjugates per condition were analyzed in two independent
experiments. The right panels show DCs overexpressing GFP-VAMP7 or GFP-VAMP3 mixed with T cells for 30 min.
(C) Analysis of localization of bioactive IL12/p70 vesicles at the synapse. DCs were transfected with p35-SV5 (or p35-GFP for VAMP7 staining) and mixed with
T cells for 30min. Fixed cells were labeled with antibodies to SV5 or GFP (green) and to VAMP7, VAMP3, Rab27a, or Rab11 (red). Representative confocal panels
show fluorescent channels, DIC images, and the y-z 3D views of the synaptic region indicated by dashed boxes.
(D) The graph represents Pearson’s correlation coefficient (PC) between p35 and the different organelle markers in the synaptic region (insets) calculated on
3D-reconstituted z sections. Each dot refers to a single cell, and horizontal bars indicate SEM. ***p < 0,0001, Mann-Whitney t test.
(E and F) DC-T conjugates (E) were labeled with antibodies against p35-SV5 and SNAP23. A representative example of the two proteins co-clustered at the IS is
shown. The overlap between p35 and SNAP23 (F) was quantified in the synaptic area of 15 cells. All scale bars in micrographs correspond to 5 mm.
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were present underneath the synaptic membrane, whereas the
overlap with VAMP3 was less frequent (Figures 4C and 4D).
Quantification of two other markers of the endocytic compart-
ment (Rab11 for recycling endosomes and Rab27 for late endo-
somes/secretory granules) confirmed a preferential association
between presynaptic p35 and late compartments (Figures 4C
and 4D). Surface delivery of secretory proteins via vesicular
SNARE requires a cognate PM acceptor complex constituted
by the R-SNAREs SNAP23 and Syntaxin 4 in immune cells (Mur-
ray et al., 2005b; Pagan et al., 2003). Indeed, SNAP23 was found
co-enriched with IL-12 at the synaptic membrane (Figures 4E
and 4F), indicating a final SNARE-mediated step of exocytosis.
Polarization of p35 at theDC-IS and association of the cytokine to
late endosomal markers was confirmed in human DCs (Mo-DCs)
(Figure S6).
Dynamics of VAMP7 and IL-12 Polarization at the IS
In order to gain a dynamic picture of polarization events occur-
ring in DCs upon synapse formation and to resolve the kinetic
of VAMP7 redistribution, we recorded DC-T cell interactions by
time-lapse video microscopy. DCs expressing a VAMP7-RFP
fusion protein (Burgo et al., 2012) were mixed with OT-I cells
and immediately recorded to capture the first events upon
encounter. As shown in still images extracted from Movie S1
(Figure 5A), VAMP7 clustered into large and bright structures
upon a first T cell contact, as documented by a 1.7-fold incre-
ment in the total mean fluorescence intensity (MFI) of VAMP7-
RFP (Figure 5B) that was maintained for over 25 min. The
increase in fluorescence was paralleled by spatial redistribution
of 80%of VAMP7 vesicles to the site of T cell contact (Figure 5C).
Thus, synapse formation triggers a very rapid clustering and po-
larization of VAMP7 at the IS. Direct visualization of p35-GFP in
DCs showed enrichment of the protein in a central perinuclear
area and in fast-moving vesicles in the cell periphery. A particu-
larly dynamic crowd of vesicles was observed underneath the
membrane in contact with the T cell, as shown in the sequence
in Figure 5D (extracted from Movie S2). Higher magnification of
the synaptic zone evidenced tubulo-vesicular structures that
dock and fuse with the synaptic PM (Figure 5D; Movie S3).
Finally, in an effort to visualize events of p35 trafficking via
VAMP7 vesicles at the IS, we co-expressed VAMP7-RFP and
p35-GFP in DCs. Although the percentage of viable double-
transfected cells was extremely low, we could detect an
example of a double-positive vesicle appearing 10min after con-
tact and moving toward the synapse followed by signal decay at
20 min, suggesting its fusion with the membrane (Movie S4;
Figure 5E).
VAMP7 Controls Synaptic Secretion and T Cell Priming
Clustering of IL-12/VAMP7+ vesicles at DC-T contact suggests
that VAMP7 may serve a specific and non-redundant function
during polarized secretion at the synapse. To directly test this
hypothesis, we set up an assay to measure secretion induced
by T cell contact. Antigen-specific T cells were added to DCs
that had been stimulated to reach the peak of intracellular
IL-12 content. DCs and T cells were allowed to interact for as lit-
tle as 10 min (in the presence or absence of cognate antigen),
and the supernatant was harvested to measure IL-12 content.2630 Cell Reports 14, 2624–2636, March 22, 2016 ª2016 The AuthorThe values plotted in Figure 6A represent the sum of the cytokine
accumulated in wells during 3.5 hr of stimulation (general secre-
tion) plus the amount secreted during the 10 min of interaction
with T cells (synapse-induced secretion). Co-culture of WT
DCs with T cells in the presence of antigen (+Ag) induced a net
increase in IL-12/p70 not seen in control wells without antigen.
This indicates that antigen-specific interactions cause a secre-
tory burst. This T cell-induced secretion was totally abrogated
in V7KO DCs (Figure 6A, +Ag, V7KO columns). The lower basal
levels of IL-12/p70 in V7KO wells compared to the WT (no Ag)
reflects reduced general secretion. Thus, VAMP7 expression is
required to release IL-12 in response to antigen specific synapse
formation.
Analysis of the subcellular distribution of p35 vesicles in WT
and VAMP7-null cells, using actin counterstaining to visualize
cell boundaries, unveiled macroscopic differences in vesicles
shape and position. InWT cells, p35was found enriched all along
the nuclear membrane and strongly accumulated in the Golgi.
Multiple structures, both tubular and vesicular, were seen de-
parting toward the cell periphery and intersecting the PM.
Instead, p35 was condensed in larger structures retracted to-
ward the nucleus in VAMP7-null cells with fewer single vesicles
approaching the PM (Figure 6B). Quantification of the mean
distance between cortical actin (PM) and p35 vesicles showed
a significant increase in VAMP7-deficient cells, suggesting a
slower transition from early biosynthetic compartments to car-
riers directed to the PM (Figure 6C).
To study the consequences of VAMP7 loss on T cell priming
we pulsed WT or V7KO DCs with graded doses of OVA class I
and mixed them with OT-I cells. The levels of IFN-g secreted
by CD8+ T lymphocytes primed by V7KO DCs were significantly
lower than those induced byWTDCs (Figure 6D). Similarly, IFN-g
secretion by CD4+ T cells was inhibited (Figure 6E). However,
T cell proliferation was equal, suggesting that VAMP7 expression
in DCs regulates selectively acquisition of effector functions in
T cells rather than proximal TCR triggering and proliferation.
Thus, we conclude that VAMP7 expression in DCs is required
for IL-12/p70 secretion in response to synapse formation and
consequently for T cell differentiation into IFN-g-producing cells.
DISCUSSION
Secretion of soluble factors by immune cells is a key event to co-
ordinate the immune response in time and space. Indeed, cells of
the immune system have evolved peculiar secretory modes to
cope with the need to release diverse mediators with different
kinetics and in multiple directions. In this study, we show that
the SNARE VAMP7 plays a pivotal role in regulating secretion
of IL-12, a key cytokine released by DCs upon infection. We
demonstrate that VAMP7 plays a dual role in IL-12 secretion.
In individual DCs, its basic function is to regulate optimal exocy-
tosis of biologically active IL12/p70 produced by inflammatory
stimuli. The second essential role of VAMP7 is to control, non-
redundantly, synaptic secretion of the cytokine during interac-
tion with a cognate T cell, i.e., at the immune synapse.
Cytokine secretion, defined in the past as a classical constitu-
tive pathway, emerged to be controlled by complex and regu-
lated machineries that vary depending on the cell type ands
Figure 5. Dynamics of VAMP7 and IL-12 Polarization at the IS
(A) Time-lapse video microscopy snapshots showing VAMP7 distribution in DCs during synapse formation (Movie S1). DCs transfected with VAMP7-RFP were
stimulated with CpG-B, pulsed with OVA class I peptide and mixed with OT-I cells (stained with membrane dye Bodipy 630, blue). Dashed lines define the DC’s
portion (one-third of the total cell) in contact with the T cell.
(B) The graph shows the mean fluorescence intensity (MFI) of RFP over time, before and after a T cell contact (arrow).
(C) Percentage of recruitment of VAMP7-RFP in the T cell proximal DC’s portion over time. ‘‘1 T cell contact’’ indicates the time of synapse formation, and
‘‘2 T cell contact’’ indicates the formation of a collateral conjugate with a second T cell.
(D) DCs were transfected with p35-GFP and mixed with T cells. Images extracted from Movie S2 show peaks of green fluorescent signal (red pseudo-color
indicated by yellow arrowheads) underneath the synaptic membrane (the T cell position is indicated by a dotted line).
(E) DCswere double-transfectedwith p35-GFP (green) and VAMP7-RFP (red), andmixedwithOT-I cells (blue). Panels show representative frames extracted from
a 30-min movie (Movie S4) and on the right the same sequence with a green and red colocalization channels (white). White arrows highlight a double-positive
vesicle moving to the synapse and disappearing. All scale bars represent 5 mM.context. In macrophages, TNF-a and IL-6 are trafficked via
recycling compartments prior to be delivered at the cell surface
(Murray et al., 2005b). Similarly, IFN-g in NK cells (Reefman et al.,Cell2010) and TNF in microglia cells (Hulse et al., 2008) transit
through recycling endosomes whereas IFN-g exocytosis in
T cells is mediated by a yet unidentified compartment distinctReports 14, 2624–2636, March 22, 2016 ª2016 The Authors 2631
Figure 6. VAMP7 Expression in DCs Is Required for T Cell-Induced Secretion and T Cell Differentiation
(A) Synapse-induced secretion of IL-12/p70. Scheme of the experimental design: WT and V7KO DCs were stimulated with CpG-B and pulsed or not with OVA
class I peptide. After 3 hr, naive CD8+OT-I cells were added to all wells and spun for 1min at 800 rpm to force interaction. Cell culture supernatants were collected
after 10 min of co-incubation at 37C. Plotted are the values of IL-12/p70 in DC-T wells containing (+Ag) or not (Ag) the antigen. Shown are the mean ± SEM of
seven independent experiments. p values were determined by Student’s t test.
(B) Distribution of p35-SV5 in WT and V7KO cells. Medial confocal optical sections of cells labeled to detect p35 and actin (phalloidin). A region (arrows in merge)
was depicted to define cell boundaries. The mean distance of the most peripheral p35 vesicles from the plasma membrane (PM) is shown on the right. Red lines
indicate the distances of p35 from each side of the cell.
(C) Dots in the graph correspond to the mean distance of p35 from the membrane, calculated in individual cells. Zero values indicate that p35 overlapped the
membrane in at least one point. Horizontal bars indicate mean ± SEM. p values were determined by Mann-Whitney t test.
(D) CD8+ T cell priming byWT and V7KODCs. DCswere loadedwith graded doses of low-affinity OVA class I peptide (T4) andmixedwith CD8+OT-I cells for 48 hr.
IFN-g content in cell culture supernatant was evaluated by ELISA. Results are the mean ± SEM of three independent experiments.
(E) WT and V7KO DCs were stimulated with CpG-B and different doses of OVA class II peptide and then washed and co-cultured with CD4+ OT-II cells for 72 hr.
(E and F) The IFN-g level (E) and the CFSE dilution profile (F) are shown. Data are mean ± SEM of three independent experiments. *p < 0.05 and **p < 0.01,
Student’s t test.from recycling endosomes (Herda et al., 2012). Cytokines traf-
ficking in DCs has only begun to be addressed very recently
(Collins et al., 2014). Ligation of Toll-like receptors (TLRs) by2632 Cell Reports 14, 2624–2636, March 22, 2016 ª2016 The Authorpathogen-derived molecules triggers massive cytokines biosyn-
thesis and release in the few hours that follow stimulation. Inter-
estingly, the peak in IL-12 gene transcription coincided tos
upregulation of STX6 and VAMP7, demonstrating that DCs
selectively adapt their trafficking machinery to sustain the
intense post-infection secretory rate. Co-regulation of cytokine
and exocytic machinery has been previously demonstrated in
macrophages, where LPS induces the upregulation of STX6,
Vti1b, and VAMP3 (Murray et al., 2005a, 2005b), concomitantly
with the peak in TNF-a secretion.
By confocal and ultrastructural analysis, we found that post-
Golgi trafficking of the p35 subunit of IL-12 involves transit via
vesicles associated to late endosomes. Comparative analysis
of co-localization with different SNAREs to identify regulatory
proteins potentially involved in IL-12 transport revealed a prefer-
ential association with VAMP7-positive vesicles. Moreover,
intracellular IL-12 overlapped with Rab7, strongly indicating
that the protein is associated with late endosomes and, likely,
secretory lysosomes (Daniele et al., 2011). The fact that the over-
lap with late endosomal markers is restricted to few vesicular
structures/cell probably reflects a rapid transit of the protein
through this station.
Protein knockdown experiments and genetic deletion
confirmed a role for VAMP7 in controlling bioactive IL-12 release.
Importantly, we showed, usingmultiple approaches, that VAMP7
depletion affects selectively cytokine exocytosis, as none of
the upstream events such as TLR9 signaling, DCs maturation,
and cytokine gene transcription were affected by VAMP7 defi-
ciency. Inhibition of secretion was only partial, although repro-
ducible over many experiments and it was similar in acute (small
interfering RNA) and constitutive (knockout mice) models of
depletion.
Interestingly, we observed a selective reduction of the IL-12/
p70 isoform of IL-12. Secretion of the p70 (p35 + p40) hetero-
dimer is regulated by post-translational modifications of the
p35 subunit, including glycosylation and sequential cleavage
steps of the leader peptide (Carra et al., 2000; Murphy et al.,
2000). Thus, it is interesting to speculate that trafficking via
VAMP7 may be required to undergo the full spectra of post-
translational modification necessary for secretion.
The major and exclusive role of VAMP7 in DCs became
apparent when examining a specific mode of IL-12 secretion,
i.e., the one induced by a contact with a cognate antigen-spe-
cific T cell. The exquisite function of DCs is to activate naive
T cells by providing information about the type of antigen
(MHC-peptide complexes) and the environment (costimulatory
molecules and cytokines). This informational transfer occurs in
specialized DC-T cell junctions, and it is accompanied by
active remodeling of the actin and microtubule cytoskeleton
and by directional delivery of MHC class II complexes at the
surface of the interaction (Al-Alwan et al., 2003; Boes et al.,
2002; Chow et al., 2002; Pulecio et al., 2010; Comrie et al.,
2015). Here, we uncover part of the machinery involved in
directional trafficking and polarized release. Using fixed and
live-cell imaging, we found that synapse formation causes
recruitment of two vesicular SNAREs, VAMP3 and VAMP7, at
the contact region. This finding by itself strongly reinforces
the notion that DCs, similarly to what has been extensively
documented in T cells (Bertrand et al., 2010; Das et al.,
2004; Depoil et al., 2005; Huse et al., 2006), reorient vesicular
flow during synapse formation. Detailed analysis of the synap-Celltic interface showed that VAMP7+ IL-12/p70 carriers accumu-
late at the IS. Time-lapse movies of DCs expressing p35-GFP
revealed an intense trafficking of vesicles throughout the cell
periphery that is more intense in the sites of contact with
T cells, where GFP+ tubulovesicular structures accumulate
and fuse with the PM. Analysis of DC lines, even if less phys-
iological, will be used in the future to better document in live
the journey of p35-GFP to the membrane and its actual exocy-
tosis at the IS.
The finding that VAMP7 depletion completely abrogated the
burst in IL-12/p70 release induced by T cells strongly supports
a selective and exclusive role of this membrane fusion protein
in controlling confined delivery of IL-12 in cis, i.e., to the inter-
acting antigen-specific T cell.
The pathway of IL-12 secretion that we have discovered is
unusual for cytokines and bears analogies with pathways classi-
cally involved in regulated secretion. VAMP7 controls endo-lyso-
somal fusion and TGN to late endosome transport (Advani et al.,
1999; Chaineau et al., 2009; Pols et al., 2013), and it has been
implicated in exocytosis of pre-stored mediators from secretory
lysosomes (Krzewski et al., 2011; Puri et al., 2003). Is this unique
trafficking pathway specific for IL-12, or is it a specialization
developed by DCs? The heterodimeric structure of IL-12 is atyp-
ical among cytokines, which may in part explain this peculiar
route of secretion. Second, DCs have evolved unique modifica-
tions of their endocytic pathway for the sake of optimal antigen
uptake and processing (Gatti and Pierre, 2003). These include
the usage of endo-lysosomal compartments such as multivesic-
ular bodies (MVBs) as a TLR-inducible pathway to deliver MHC
class II molecules at the cell surface in a polarized fashion
(Boes et al., 2003; Kleijmeer et al., 2001). Indeed, MVBs were
recently shown to be regulated by VAMP7 (Fader et al., 2009).
The presence of intracellular structures staining positive for
IL-12 and MHC class II strongly suggests a joined traffic of anti-
gen and cytokine at the synapse, a mechanism that would
allow spatiotemporal synchronization in delivering different
DC-derived signals to T cells.
The ultimate consequence of lack of VAMP7 in DCs is defec-
tive activation of IFN-g secretion in T cells, a function that relies
on IL-12-dependent signals and that is key for effector T cell
function. Thus, VAMP7-mediated release represents a mecha-
nism to confine ‘‘soluble’’ information to the antigen-specific
interacting T cell, thereby conditioning its fate.
Together, these findings provide a basis to understand the
molecular machinery involved in secretion of IL-12 by DCs, a
central process in initiation of adaptive immunity. It also high-
lights an unusual method of cytokine exit through late endocytic
compartments, and it assigns a further key function to the
SNARE VAMP7 in immune cell regulation.
EXPERIMENTAL PROCEDURES
Antibodies and Plasmids
VAMP3-GFP and VAMP7-GFP plasmids were a kind gift of Jennifer L. Stow
(University of Queensland, Brisbane, Australia). P35-SV5 was cloned as
described in Supplemental Experimental Procedures. VAMP7-RFP was
described in Burgo et al. (2012). Antibodies against VAMP7 and VAMP3
were made in-house by Andrew A. Peden. All commercial antibodies are
described in Supplemental Experimental Procedures.Reports 14, 2624–2636, March 22, 2016 ª2016 The Authors 2633
Mice
VAMP7-deficient mice were described previously (Danglot et al., 2012). Male
V7KO mice on a C57BL/6 background were compared with their male wild-
type littermates. Mice were bred and maintained in sterile isolators. OVA-spe-
cific, MHC class I andMHC class II restricted, TCR transgenic Rag/OT-I and
OT-II mice were purchased from the Jackson ImmunoResearch Laboratories.
Bone marrow from I-Ab GFP mice (Boes et al., 2002) were a kind gift of Ana-
Maria Lennon Dumenil (Insitut Curie, Paris, France). Animal care and treatment
were conducted in conformity with institutional guidelines in compliance with
national and international laws and policies (European Economic Community
[EEC] Council Directive 86/609; OJL 358; December 12, 1987). Protocols
were approved by the Italian Ministry of Health.
DC Culture and Transfections
DCs were differentiated from the bone marrow using FLT3L and depleted of
B220+ cells for experiments. DCs were activated with CpG-B (1 mg/ml) for
3–4 hr to stain intracellular cytokines and for 3–6 hr to measure cytokine secre-
tion. Splenic DCs were enriched from total spleen cells by positive selection
using CD11c+ microbeads (Miltenyi Biotec). To express GFP-SNARE and
p35-SV5, cells were transfected by nucleofection and used for experiments
3–4 hr after transfection. For siRNA experiments, cells were transfected by
nucleofection and collected for experiments 48 hr later. Human DCs were
generated from CD14+ monocytes isolated from peripheral blood mononu-
clear cells of healthy donors using Mo-DC differentiation medium (Miltenyi)
for 7 days to generate immature Mo-DCs.
Immunofluorescence, Synapse Formation, and Confocal Analysis
DCs were stimulated with CpG-B for 3-4 hr to induce accumulation of intra-
cellular IL-12. Cells were fixed (4% paraformaldehyde), permeabilized (PBS/
BSA 0.2%/saponin 0.05%), and immunolabeled with antibodies against the
different endosomal markers (as described in Supplemental Experimental
Procedures) or tags (SV5 or GFP). To visualize IL-12 in endocytic vesicles,
PHrodo red dextran (Molecular Probes) was given to cells (100 mg/ml)
together with CpG-B stimulation. For synapse formation, DCs were stimu-
lated with CpG-B and pulsed with class I or class II OVA peptide and
adhered to fibronectin-coated slides. OT-I or OT-II cells were added to
DCs in a 1:1 ratio and incubated at 37C for 30 min. Mo-DCs were loaded
with 1 mg/ml superantigens (SEB and TSST1) and mixed with CD3/CD28
activated CD4+ T cells from the same donor. Cells were fixed and labeled
with antibodies as indicated in Supplemental Experimental Procedures.
Confocal z stacks of isolated DCs or synapses were acquired using a
LSM510 META Axiovert 200M Image. Analysis of co-localization coefficients
on 3D volumes were performed using Volocity 3D Image Analysis Software
(Perkin Elmer) and ImageJ (NIH). For the colocalization mask in Figures 2B
and 2E, the pixels containing both stainings above the threshold were used
to generate a white channel. To quantify SNARE polarization, confocal
z stack images were reconstructed and the SNARE was scored as polarized
when the ratio between the MFI at the T cell contact zone and the MFI of the
total DC PM was > 1. The distance of p35 vesicles form the membrane in
WT and V7KO cells was measured on 3D-reconstructed volumes using
ImageJ.
In Vivo Imaging
DCs expressing VAMP7-RFP or p35-GFP were layered on videomicroscopy
chambers and recorder immediately after the addition of T cells. Time-lapse
movies were acquired with a LSM510 META reverse microscope (Movies S1
and S4) or an Axio Observer.Z1 microscope. Videos were analyzed using
ImageJ software.
T Cell-Induced Secretion Assay and T Cell Activation
2 3 105 WT or V7KO BM-DCs were stimulated for 3 hr with CpG-B (1 mg/ml)
and pulsed or not pulsed with 10 nM OVA I peptide. After stimulation, 9 3
105 CD8+ OT-I cells were added to each well and spun down to force conju-
gate formation. After 10 min at 37C, cells were pelleted and supernatants
were collected to measure IL-12/p70 concentration. For T cell priming, 2 3
104 WT and V7KO BM-DCs were stimulated and pulsed with graded doses
of OVA class I (low-affinity T4 peptide) or class II peptide and then washed2634 Cell Reports 14, 2624–2636, March 22, 2016 ª2016 The Authorand mixed with 105 OT-I cells for 48 hr or OT-II cells for 72 hr, respectively.
In Figures 2E and 2F, OT-II cells were pre-labeled with 2 mM carboxyfluores-
cein succinimidyl ester (CFSE) before being added to DC wells. Cell culture
supernatants were collected, and IFN-g concentration was quantified.
Electron Microscopy
Immunoelectron microscopy was performed using the Tokuyasu method.
Ultrathin cryosections were single or double labeled with antibodies against
p35 and protein A-gold (PAG; Utrecht University, the Netherlands). Control la-
belings with anti-SV5 antibodies on nontransfected cells and with secondary
antibodies alone were negative.
Statistical Analysis
All statistical analyses were performed using GraphPad Prism. The error bars
show the SEM between mean values of independent experiments (as in the
functional analyses and SNARE polarization analyses) or between values of
single cells analyzed (SNARE/p35 co-localization at the IS and p35 distance
from the PM). p values were obtained by Student’s, Wilcoxon paired nonpara-
metric, or Mann-Whitney t tests.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
six figures, and four movies and can be found with this article online at
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